Filter cakes can be dewatered effectively by use of bentonite slurry, which is very difficult to filter, to cover the cake surface at the end of filtration. This dewatering methodhas the advantage of using air pressure to compress filter cake, so that a large amount of cake is easily deliquored. In the previous paper, on the assumption that the amountof permeated water from the bentonite cake was negligible, the consolidation effect was investigated on the basis of the conventional expression equations. In this paper, in order to examine both the internal mechanismand the overall characteristics of the compressedcakes under dewatering, a rigorous analysis is developedin whichthe effects of water permeation from the bentonite cake are taken into account. Predictions using the present analysis are shown to be in good agreement with experimental results of the hydraulic pressure distributions in the compressed cake and the average consolidation ratio.
Introduction
It is very important to minimize the energy costs of filter cake dewatering operations in chemical process industries, food process industries and sewage sludge treatment, because the dewatering process is apt to account for a substantial portion of the energy costs in a total process. Mechanical dewatering methods such as the filter press are widely used in these industrial processes.1~3'7'15) In the field of civil engineering, meanwhile, it is important to consolidate the ground and makea compact stratum, and so effective dewatering methods are required.
In the previous paper,13) a dewatering method was presented in which filter cakes can be considerably deliquored by covering the cake surface with bentonite slurry and applying compressed air. Bentonite slurry has a very difficult filtrability, and the skin layer formed with the bentonite slurry can offer high flow resistance and compress the filter cake just like an impermeable membraneinstalled in conventional expression equipment. Since air pressure is employed in this method, a large amountoffilter cake can be easily dewatered in comparison with mechanical expression. Such a dewatering method by use of bentonite slurry may be expected to find application in the drilling mud operation16) for oil wells and the pneumatic caisson method4) for tunnel construction in civil engineering works.
In the previous paper, on the assumption that the amount of permeated water from bentonite cake was negligible, an approximate method for examining the consolidation effect was presented on the basis of the conventional expression equations of filter cake by using the value of the modified consolidation coefficient Ce obtained from experimental data. In this work, considering the fact that the amount of permeated water affects the gradient of the hydraulic pressure distribution at the compressed cake surface particularly, an exact analysis is developed, and both the internal mechanism and the overall characteristics of the cake are examined by using the experimental results of the hydraulic pressure at the preformed cake surface and Ce-value based on compression-permeability cell data.
Analysis of the Effects of Water Permeation
In general, the basic differential equation for the consolidation period is represented as9 '10) Sp1_c S2Ps (l c= fiocps( -de/dps) (2) whereps is the local solid compressive pressure, 9C the consolidation time, co the solid volume per unit area lying between the mediumand an arbitrary position in the cake, a the local specific flow resistance, e the local void ratio, and Ce the so-called modified con-solidation coefficient, assumed to be constant during the consolidation period.
Assuming that the amount of permeated water, that is, the filtrate from the bentonite cake, is negligible, the hydraulic pressure distribution in the present dewatering method may be represented by13)
where pL is the local hydraulic pressure and coo is the net solid volume of entire cake per unit area. Oncethe dewatering of filter cake begins, however, the filtration of bentonite slurry on the cake surface actually starts at the same time. During the consolidation period, the bentonite cake gradually increases in thickness, and the filtrate flows through the surface of the compressed cake. Therefore, the volume deliquored in this method consists of both the volume squeezed from the inside of the compressed cake and the amount of permeated water from bentonite cake. 
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If there is no water permeation through the compressed cake, the boundary condition at the cake surface, ps.b(0c), is obtained by putting co=co0 into Eq. (3), as the following form:
By use of above equation, Eq. (5) is reduced to Eq.
(3), and Eq. (7) leads to the average consolidation ratio on conventional constant-pressure expression theory,9'10) i.e.
Experimental Apparatus and Procedure
The experimental apparatus used for this study is illustrated in Fig. 1 . For measuring the hydraulic pressure in cake, the filter is fitted with six brass probes of 3mminside diameter. Each probe is from about 3 to 5mmshorter than the one before, and is connected to a wire strain gauge pressure transducer.11'1^Constant-pressure filtration is conducted by applying compressed air controlled by a reducing valve. At the end of the filtration, bentonite slurry is placed on the preformed filter cake and the same air pressure is applied to compress the cake. The variations of both hydraulic pressure within the cake and filtrate volume with time are measured.
A mixture of 75wt% Korean kaolin and 25wt%
Filter-Cel 0=0.20) is used as the material. The solid concentration of the bentonite slurry used is 14%by weight. The average particle sizes of both mixture and bentonite measured by an image analyzer as Feret's diameter are 4.2 and 2. 1 /im, respectively. The average specific filtration resistances aav of mixture and bentonite slurry filtered at a constant pressure of 294 kPa are 9.6x 1010 and 6.2x 1013cm/g, respectively. the filtration period is completed, the value of d6/dv increases suddenly, and considerable dewatering of the filter cake is brought about by a negligibly thin cake of bentonite.
The dotted line indicates the calculations based on the conventional expression theory.9'10* In Fig. 3 , the experimental results of the deliquored volume are further replotted as dv/dj6 +6m vs. 6 +0m on a logarithmic graph where 6m is the fictitious filtration time corresponding to medium resistance.5) The logarithmic value of dvjd.sj6J\-9m remains constant in the filtration period, while in the consolidation period it decreases rapidly. After almost all parts of the cake are deliquored sufficiently, the plots approach another constant value again. In this region, it is considered that constant-pressure filtration of the bentonite slurry mainly occurs, because the deliquored volume is governed by the amount of permeated water from the bentonite cake placed on the compressed cake. The initial and the latter constant parts show the degree of filtrability of the mixture and the bentonite slurry, respectively. The large difference between the two filtrabilities shows that the filtration resistance of bentonite slurry is much higher than that of mixture, and that the filter cake formed from the mixture can be markedly dewatered by use of bentonite slurry.
Determining the transition point from filtration to The variation of hydraulic pressure pL with v at various distances x measured from the cake bottom is shown in Fig. 5 . The cake thickness L vs. v is shown in the same figure. As filtration proceeds, the thickness offilter cake grows gradually. Whenthe surface of the cake reaches the end of a probe, the hydraulic pressure at the distance begins to fall.8' 14) After the filtration period, the pressure in the compressed cake further decreases rapidly in the consolidation period, resulting in the decrease of cake thickness. The dotted curve indicates the pressure loss across the filter medium,pm (Rm=0,5~3x 1011m"1).
To estimate the hydraulic pressure distribution, taking the effects of water permeation into account, it is necessary to determine the value of ps.b(9c), the change of compressive pressure ps at the compressed cake surface with 9C. In this study, as illustrated in The hydraulic pressure decreases substantially throughout the whole compressed cake during the consolidation period and at last the distribution comes to the nearly compression equilibrium condition. It appears that the calculations obtained from
Eq. (5) considering the effects of water permeation are in good agreement with experimental data.
In Fig. 8 , the variation of the average void ratio <?av at 8C= 1800s withps is illustrated by use of both the hydraulic pressure distributions shown in Fig. 7 and the compression data of local porosity e vs. ps. The solid line indicates the equilibrium void ratio obtained from the compression data. It is apparent that a considerable decrease in cake moisture content is attained by this method.
In Fig. 9 , on the basis of the experimental results of the hydraulic pressure distributions, the average consolidation ratio Uc is shown as a function ofy/9c/co0, comparedwith the results of mechanical expression under the same pressure. The solid curve is a prediction calculated by Eq. (7), and the dotted curve is calculated by Eq. (9) based upon the conventional expression theory. In both curves, the agreement of calculated values with experimental ones is excellent. It is shownthat the consolidation rate in the present method is delayed by the effects of water permeation from bentonite cake.
Conclusion
The mechanism of the filter cake dewatering meth- measuring the hydraulic pressure distributions in the compressed cake. By using Eq. (4) as the boundary condition at the compressed cake surface, an analysis was developed in which the effects of water permeation from bentonite cake weretaken into account. It was demonstrated that the deliquored volume vc in this method contained the amount of permeated water from the bentonite cake, and that after the end of the consolidation vc was governed by constantpressure filtration of bentonite slurry. Both the internal mechanism and the overall characteristics of the compressedcake were examinedin consideration of water permeation. The hydraulic pressure pL in cake and the average consolidation ratio Uc were well estimated by Eq. (5) and Eq. (7) respectively, which took the effects of water permeation from bentonite cake into account. This may be due to complications arising from the state of the quaternary salt in the organic phase, involving the molecular association of the salt and the inevitable involvement of co-extracted water and acid.
The effects of diluent on metal extraction with secondary and tertiary amine extraction systems have been examined in studies that emphasized the behavior of water and acid associated with the amine molecules.1'2'^In these cases9) and also in the case of quaternary salts, the role of the co-extracted water and acid is still inconclusive. There is little agreement on the relative importance of the uncomplexed salt and/or the acid-complex of the salt in the mechanismof metal extraction from halide media. Van Ooen13) and Sato et al.12) considered that the extraction of metals would be likely to take place in competition with the formation of the acid complex. The extraction of hydrochloric acid by Aliquat 336 in toluene was measured by Good et al.4) Sato et al.n) employed the same salt system, but in benzene. In this case, they observed that five water molecules were associated with the salt hydration sphere when equilibrated with pure water, whilst one water molecule was displaced by acid when equilibrated with 8 mol// aqueous acid. No consideration was, however, given to the extraction equilibrium formulation.
To clarify the presently rather confused position, systematic knowledge obtained under identical con-
